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Abstract
Long-term evolution (LTE) femtocells represent a very promising answer to the ever growing bandwidth demand of
mobile applications. They can be easily deployed without requiring a centralized planning, to provide high data rate
connectivity with a limited coverage. In this way, the overall capacity of the cellular network can be greatly improved.
At the same time, the uncoordinated setup of femtocells poses new issues that require a deep and thorough analysis
before spreading this technology worldwide. Unfortunately, to the best of our knowledge, no accurate simulation
tools are freely available for enabling this kind of investigation. Thus, we present in this study a simulation tool for LTE
femtocells, implemented as a module of the emerging open source LTE-sim framework. It encompasses
heterogeneous scenarios with both macro and femtocells, spectrum allocation techniques, user mobility, femtocell
access policies, and several other features related to this promising technology. After reviewing the status of the art on
LTE femtocells, we detail the description of the module that we propose with a major emphasis on the newly devised
loss models for indoor scenarios, the new network topology objects, and the most signiﬁcant enhancements to the
simulator protocol stack. Furthermore, to provide a clear understanding of the practical utility of this new simulator,
we investigate two indoor and urban scenarios. A scalability test is also presented to demonstrate the eﬃciency of the
proposed tool in terms of processing requirements. All presented results suggest that this new module can be very
interesting for the research community, due to its great ﬂexibility and limited computational cost.
Keywords: Femtocells, 3GPP, LTE, E-UTRA, Network simulator, Performance evaluation
1 Introduction
The capillary diﬀusion of smartphones and tablets and
the integration of connectivity capabilities in common life
objects (such as TVs, domestic appliances, and vehicles)
are generating a very fast growth of bandwidth demand
for mobile applications [1]. Despite emerging broadband
technologies (e.g., WiMAX [2] and LTE [3]) are able to
enhance the performance of currently used 3G systems,
they might not be able to sustain the expected raise of the
traﬃc volume.
As a consequence, notable improvements in both capac-
ity and coverage of mobile communication systems are
required, but they cannot be fulﬁlled by only enhancing
the (PHY) layer and/or increasing the available spectrum.
From one side, in fact, latest innovative PHY techniques
work very close to the Shannon limit; in this manner,
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they ensure the maximum achievable physical rate. On
the other side, the amount of spectrum expected to be
licensed during next years is less than what requested by
mobile operators [4]. According to this vision, the deploy-
ment of small cells within the typical structure of cellular
networks, represents the smartest solution for boosting
services in these systems [5].
Following this direction, the 3GPP has introduced,
within the long-term evolution-advanced (LTE-A) speciﬁ-
cations, the possibility to deploy a heterogeneous network
(HetNet) composed bymacro and small-range (i.e., micro,
pico, and femto) cells [6]. Micro and pico cells could be
exploited for enhancing coverage and capacity in some
regions inside the macrocell. Whereas, femtocells have
been devised for oﬀering broadband services in indoor
(i.e., home and oﬃces) and outdoor scenarios with a very
limited geographical coverage. Among this kind of cells,
the role of femtocells become fundamental, because it is
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expected that in upcoming years the most part of voice
calls and data sessions will take place in home or business
environments [7].
A femtocell can be easily set up without any central-
ized coordination, but simply enabling a low-power and
small-range radio base station, which is referred to as
home evolved NodeB (HeNB). Such a device has plug-
and-play capabilities, is connected to the core network
through a DSL line, and operates in the spectrum licensed
for cellular systems [8]. The uncoordinated nature of
femtocell deployment poses novel and interesting chal-
lenges on radio resource management (RRM). In fact,
classical approaches already adopted in 3G systems to
face frequency planning, interference coordination, radio
resource scheduling, and access policies could be not
useful anymore in HetNet scenarios.
Starting from this premise, it is evident that the develop-
ment of novel network architectures and the optimization
of next generation cellular systems based on femtocells
are topics worth of investigation for both industry and
academic communities.
In this perspective, the availability of accurate simu-
lation frameworks appears of fundamental importance.
Several open-source and commercial tools are today avail-
able for simulating some parts of the LTE system [9-14],
but none of them provides media access control (MAC)
and PHY models for femtocell architectures, handover
strategies properly conceived for HetNet, and speciﬁc
propagation loss models for indoor environments. A sys-
tem level simulator for LTE femtocells has been proposed
in [15]. However, its code is not yet available and, for this
reason, it cannot adequately serve the research commu-
nity. At the present, to the best of our knowledge, the
only valuable tool is the one developed for the network
simulator 3 (NS-3) within the LENA project [16]. Unfor-
tunately, despite it provides standard compliant deﬁnition
of the LTE network architecture as well as several prop-
agation loss models for indoor scenarios, at the current
status it cannot be suﬃcient in helping researchers dur-
ing the study of femtocell related issues. In fact, it does
not implement any handover strategies for HetNet, it does
not allow the application of diﬀerent access policies to
the HeNB, it oﬀers only a weak support for the qual-
ity of service (QoS) management [17] (e.g., only simple
scheduling strategies, such as Maximum Throughput and
Proportional Fair, have been developed at theMAC layer).
In addition, the setup of a realistic simulation scenario is
diﬃcult to accomplish, especially for a non-expert NS-3
user.
To bridge this gap, the present study proposes a module
that extends the functions of the emerging open source
LTE-sim framework [18], thus allowing also the simu-
lation of scenarios with LTE femtocellsa. It provides a
wide range of features and high scalability. It encompasses
scenarios with both macro and femto cells, in multi-cell
andmulti-user environments, and implements a complete
LTE protocol stack along with advanced RRM techniques,
such as frequency reuse schemes, packet scheduling, and
QoS management. User mobility is also considered and
several conﬁgurations of mobility patterns and handover
mechanisms are considered.
We believe that the developed tool represents a good
and useful research tool for tackling several open issues
such as: (i) the deployment of heterogeneous LTE net-
works composed by macro and femto cells; (ii) the design
of sophisticated techniques for both radio resource and
interference management; (iii) the implementation of
novel cognitive-based and/or self-organized algorithms,
protocols, and procedures for the setup of next generation
broadband networks, and so on.
In order to shed some light on the practical utility of
the proposed tool, in this article we report some examples
about its application. In particular, some reference indoor
and urban scenarios are evaluated. It is worth to note
that such an analysis is only intended to demonstrate the
general agreement between what is expected from a the-
oretical point of view and the outcomes of the simulation
module we propose.
Furthermore, a scalability analysis to measure the com-
putational requirements of the developed tool (i.e., simu-
lation time and memory usage) has been also provided.
The rest of the article is organized as follows: Section 2
describes LTE femtocells, highlighting pros and cons
related to the development of this new technology and
the most important open issues that justify the need of a
simulation framework. In Section 3, the developed mod-
ule is described, with particular emphasis on the newly
implemented propagation loss models for indoor scenar-
ios, the introduction of new network topology objects,
and the enhancements of some modules of the LTE-sim
framework. Section 4 provides some reference results on
signiﬁcant scenarios in order to provide a clear assessment
of the practical utility of the simulator and to demon-
strate its scalability. Finally, Section 5 draws conclusions
and forecasts future works.
2 LTE femtocells
The LTE system is mainly composed by two parts: the air
interface, i.e., the evolved-universal terrestrial radio access
network (E-UTRAN), and the packet switched core net-
work, known as Evolved Packet Core. From the network
side, the evolved NodeB (eNB) is the only node of the
E-UTRAN and it is in charge of providing network con-
nectivity through the air interface to all user equipments
(UEs) in the cell, according to the classic cellular network
paradigm.
At the physical layer, the radio interface supports both
frequency and time divisions duplexing. Channel access,
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instead, is based on orthogonal frequency division mul-
tiple access (OFDMA), which provides high ﬂexibility in
terms of scheduling and interference management [3].
According to [19], radio resources are allocated in a
time/frequency domain. In the time domain, they are
distributed every transmission time interval (TTI), each
one lasting 1ms. Furthermore, each TTI is composed by
two time slots of 0.5ms, corresponding to seven OFDM
symbols in the default conﬁguration with short cyclic
preﬁx; 10 consecutive TTIs form the LTE Frame lasting
10ms. In the frequency domain, instead, the whole band-
width is divided into 180 kHz sub-channels, correspond-
ing to 12 consecutive and equally spaced sub-carriers. A
time/frequency radio resource, spanning over one time
slot lasting 0.5ms in the time domain and over one sub-
channel in the frequency domain, is called resource block
(RB) and corresponds to the smallest radio resource that
can be assigned to an UE for data transmission. Note that,
due to the ﬁxed sub-channel size, the number of sub-
channels varies accordingly to diﬀerent system bandwidth
conﬁgurations (e.g., 25 and 50 RBs for system bandwidths
of 5 and 10MHz, respectively).
In [20], the 3GPP introduced a new low-power and
small-range radio based station, i.e., the HeNB, for pro-
viding broadband services in indoor and outdoor environ-
ments. Such a device is connected to the operator network
through a DSL line available at consumers’ houses or
oﬃces, like a common Wi-Fi access point. The very
limited geographical area it covers is called femtocell
(Figure 1).
Several beneﬁts are expected from femtocell deploy-
ment. First of all, network capacity can be increased.
According to [5], OFDMA-based technologies, such as
LTE, work very close to the Shannon Limit, and the only
way to surely increase the capacity of a single wireless
link is to put the transmitter and the receiver closer to















Figure 1 Network architecture macro and femto cells.
way, it is also possible to signiﬁcantly oﬄoad the macro-
cell due to the relevant quota of traﬃc that femtocells are
expected to serve. In addition, from an economical point
of view, since an operator can accurately identify the traﬃc
generated/received in each femtocell, it can oﬀer person-
alized fees and discounts that can be very attractive for
consumers.
2.1 Open issues
Aforementioned beneﬁts come at the cost of increased
complexity in spectrum management. Being unfeasible a
centralized frequency planning, in fact, the interference
management becomes one of the main issues and new
solutions must be found to this regard.
There are several interesting problems that could arise
with a wide deployment of LTE femtocells, which have
to be carefully accounted for in order to exploit all the
potential of this new promising technology.
2.1.1 How to copewith uncoordinated femtocell
deployment?
An uncoordinated setup of HeNBs, carried out without
taking into account the location of macrocells and the
bandwidth allocation plan, brings to an increment of the
interference level. In these conditions, a mobile operator
could not be able to easily apply optimized RRM proce-
dures. We can identify two kinds of interferences: co-layer
and cross-layer [21]. The former is produced by a HeNB
on users served by other femtocells. The latter, instead,
deﬁnes the interference between femtocells and macro-
cells that share the same portion of the spectrum. In this
context, the research community is deeply investigating
innovative solutions for mitigating the inter-cell inter-
ference, furnishing such cells with self-organization and
cognitive capabilities [22].
The basic idea is that spectrum assignment should be
performed on a distributed basis, by allowing each HeNB
to measure the radio environment and to autonomously
identify the best frequency bands that minimize the
impact of the inter-cell interference.
2.1.2 Femtocells access policies: open or/and restricted
accessmode?
Since femtocells are expected to be deployed in several
environments (e.g., home, business, and outdoor scenar-
ios) by both mobile operators and consumers, new issues
regarding the network access policy have to be considered.
A typical HeNB deployed by a mobile operator can be
setup for working in open access mode (i.e., any connec-
tion request can be accepted). In this way, any user, located
in its coverage area, can take advantage from the higher
capacity oﬀered by the femtocell.
From another side, a femtocell, installed by a consumer
for domestic uses, has to operate in restricted access
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mode: the access is allowed only to a limited number
of devices. In this case, unauthorized users could suﬀer
the impact of the interference generated by this “private”
HeNB [23].
A good tradeoﬀ between the aforementioned approa-
ches is represented by the “hybrid” access method: the
HeNB is in charge of guaranteeing a high performance
connection only to a limited number of registered users.
At the same time, it could assign a certain amount of radio
resources to other users, oﬀering them aminimum service
level [24]. A practical example of this policy is the world
wide spread FONmodel, which has been ﬁrstly conceived
for the WiFi technology [25].
2.1.3 Radio resourcemanagement
Diﬀerently from 3G networks, LTE systems are based on
a ﬂattened architecture, with the main consequence that
all the RRM procedures have to be handled by the eNB.
This aspect becomes very critical for femtocells due to the
limited computational capabilities of HeNBs: for instance,
there are no guarantees that sophisticated scheduling
strategies, such as those proposed in [26-28], could be
straightly adopted in LTE femtocells. As a consequence,
the research of lightweight RRM techniques remains fully
open to novel approaches and methodologies.
2.1.4 How to handle usermobility?
Another typical problem of femtocell deployment is
strictly connected to user mobility: increasing the num-
ber of cells within the same area leads to more and more
handover operations. This aspect can become very crit-
ical because, despite base stations are connected among
them using a dedicated protocol suite (i.e., through the
X2 interface), LTE always requires hard handover, which
is, in general, a resource-demanding procedure. Also in
this case, the research of novel procedures to counteract
the impact of handovers would be highly beneﬁcial for the
deployment of LTE femtocells [29]. Within this context,
some study has been carried out (see, for instance, [30]),
but without any explicit reference to femtocells.
2.1.5 Lacking of amodeling framework
All the aforementioned open issues are connected to the
lack of an uniﬁed modeling approach to LTE femtocells.
Mainly due to the absence of ﬁnal speciﬁcation documents
from 3GPP, this means that a common procedure and
consequently a common modeling framework to let the
researchers properly compare their results are missing.
Therefore, we claim that a ﬂexible simulation platform
will support well all the activities of researchers, indus-
tries, and standardization bodies that intend to design
new network architecture, protocols, and algorithms for
next generation broadband systems.
3 The proposedmodule
Themodule we propose has been implemented within the
emerging open source framework LTE-sim[18]. In what
follows, we will brieﬂy summarize LTE-sim key aspects
and we will describe the details of the newly developed
features.
3.1 Basic background and required upgrades on LTE-sim
LTE-sim is an event-driven simulator written in C++ using
the well-known object-oriented paradigm. It encompasses
several aspects of LTE networks, including the models of
both the E-UTRAN and the evolved packet system, down-
link and uplink transmissions, single and multi-cell envi-
ronments, QoS management, multiusers environment,
user mobility, handover procedures, and frequency reuse
techniques. Furthermore, the entire LTE protocol stack
is framed from the application to the PHY layer, includ-
ing radio resource control (RRC), radio link control, and
MAC entities. This is done for the three kinds of net-
work nodes, that is, UE, eNB, and Mobility Management
Entity/Gateway. In addition, the software supports also
well-known scheduling strategies (such as Proportional
Fair, Modiﬁed Largest Weighted Delay First, and Expo-
nential Proportional Fair, Log and Exp rules), Adaptive
modulation and coding scheme scheme, channel qual-
ity indicator (CQI) feedback, and several other aspects
related to the LTE technology.
The high ﬂexibility and modularity of LTE-sim allowed
us to devise a complete system for simulating LTE femto-
cells, built on top of existing features such as application
objects, tracing, interaction among macrocells, interfer-
ence computation, mobility, handover procedures, and
so on.
The new module required the upgrade and the addition
of classes and functions such as: (i) the HeNB network
device; (ii) novel RRC and MAC entities; (iii) dedicated
network topology elements (e.g., femtocell, buildings, and
streets); and (iv) new channel models.
In line with LTE-sim design criteria, the proposed
extension has been freely released under the GPLv3
license [31]. In fact, we believe that the open nature of this
software would facilitate the cross-validation and the inte-
gration of diﬀerent approaches proposed by researchers
and practitioners working in this ﬁeld, thus acceler-
ating the progress of the knowledge in this scientiﬁc
domain.
3.2 Network devices
The HeNB device has been created for modeling the base
station of a femtocell. Similarly to the eNB, it is identi-
ﬁed by an unique ID and its position is deﬁned into a
Cartesian system. It keeps track of information related to
all registered UEs, like the UE identiﬁer, CQI feedbacks,
uplink channel quality, and uplink scheduling request
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(i.e., the amount of data that a user needs to transmit,
reported to the target base station through an uplink
control message).
A HeNB contains all the entities of the E-UTRAN pro-
tocol stack (i.e., RRC, MAC, and PHY) which implemen-
tations diﬀer with respect to the eNB. In particular, at RRC
andMAC layers, enhanced features have been added, e.g.,
a new handover procedure more suitable for heteroge-
neous environments and the possibility to conﬁgure the
HeNB in both closed and restricted access modes (see
Section 3.3 for details).
3GPP speciﬁcations do not explicitly deﬁne the physi-
cal power transmission of a HeNB. However, we set the
default value of the maximum transmission power equal
to 20 dBm, according to suggestions reported in [32].
Obviously, this is not a standardized conﬁguration: the
power transmission of the base station could be set taking
into account conditions of both surrounding environment
and network. To cope with this requirement, LTE-sim
allows the user to freely change in a static or dynamical
fashion the power transmission of the HeNB, according to
its needs.
A slight enhancement has been applied also to the class
modeling the UE. With respect to the old LTE-sim imple-
mentation, we introduced a boolean ﬂag, updated every
time the user position changes. Such a ﬂag is used for rec-
ognizing whether a UE is inside or outside a building at a
certain time instant; note that this information is funda-
mental to catch propagation losses due to walls between
the transmitter and the receiver.
3.3 New handover management
While a user moves along a certain path, the handover
manager has the duty of performing cell re-selection and
hard handover procedures. It is implemented into the
RRC entity as proposed in [33].
In its preliminarily version, LTE-sim supported only
a position-based handover procedure, which was used
to pick as serving node the closest eNB. In homoge-
neous scenarios, where all the eNBs transmit at the
same power and a space free path loss model can be
considered, this kind of technique well approximates a
generic policy based on the received power. Obviously,
this becomes unfeasible in heterogeneous scenarios like
the ones including buildings and femtocells.
For this reason, we conceived a new strategy that for
each node selects, as target base station, the one providing
the strongest received signal.
Furthermore, in order to cope with several access poli-
cies, a special structure is created for theMAC layer of the
HeNB. It contains the identiﬁers of the authorized users
(i.e., the so called subscriber group [20]). Accordingly, the
handover algorithm allows a given user to join only those
cells that either work in open mode or, being in restricted
mode, have the considered user in the subscriber group
list.
3.4 New topology objects
Three new network topology objects have been intro-
duced:
• Femtocell : it has only geometric properties and it is
used for detailing the position and the ID of a
femtocell.
• Building: it is composed by a number of apartments,
each one delimiting the area of a given femtocell. As
deﬁned in [34], two diﬀerent types of building have
been developed: (a) Dual Stripe blocks and (b) 5 × 5
apartment grid (see Figure 2). The former consists in
two buildings composed of two rows of 10
apartments each. The latter, instead, is a building
composed of 25 apartments located over a 5 × 5 grid.
Each building is identiﬁed by an unique ID and its
position is deﬁned into a Cartesian system. For both
(a)
(b)
Figure 2 Available building conﬁgurations: (a) Dual Stripe
blocks and (b) 5× 5 apartment grid.
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the aforementioned building types, it is possible to
deﬁne the number of ﬂoors. Each apartment has a
squared form and an area of 100m2.
In general, each apartment contains up to one active
femtocell, i.e., an active HeNB is working in the
femtocell. This means that, for instance, a 5 × 5 grid
building can contain up to 25 femtocells. The
presence of an active femtocell in a single apartment
can be randomly decided through the deﬁnition of an
activity ratio [34], that is the probability that an active
home base station is present in an apartment.
• Street : it models two rows of buildings located along
a wide road. Its geometric parameters (e.g., the street
width, the distance between two adjacent buildings,
and the number of building along the street) can be
easily customized based on the simulation needs.
As an example, Figure 3 shows a typical urban cross
composed of four diﬀerent streets and 5×5 grid buildings
objects.
In addition, we would like to remark that the devel-
oped simulator is ﬂexible and, as a consequence, it can be
extended for integrating real street maps. This would be
very useful for investigating more realistic environments.
Figure 3 Example of a cross composed of four diﬀerent streets
and 5× 5 grid buildings.
3.5 Channel models
The Channel module of the simulator handles packet
transmissions and models the propagation loss by means
four diﬀerent phenomena as suggested in [35]: (i) the path
loss, (ii) the penetration loss, (iii) the shadowing, and (iv)
the fast fading due to the signal multipath.
For a user located in a building and served by the base
station of a macrocell, the path loss calculation takes in
consideration also an additional attenuation factor due
to the presence of an external wall (default value of the
external wall attenuation is 20 dB [34]).
Moreover, in order to cope with the peculiar features
of femtocells, two new path loss models have been intro-
duced. The ﬁrst one is the indoor propagation model
deﬁned in [34] for a dense urban deployment of fem-
tocells. It evaluates the path loss, PL, considering only
the distance, R, between the transmitter and the receiver
expressed in meters:
PL[ dB]= 127 + 30 · log10(R/1000). (1)
The second one has been developed within theWinnerII
project for indoor residential environments [36]. It oﬀers
a high accuracy at the cost of an increased computational
complexity:





where R is expressed in meters; the central frequency fc
is expressed in gigahertz; the values of other parameters
A, B, and C depend on the number of walls and ﬂoors
between the transmitter and the receiver.
It is important to remark that the quality of the sig-
nal received by users inside a building depends on how
the bandwidth is shared among femtocells. To investigate
this concept, we compared the distribution of signal-
to-interference plus noise ratio (SINR) provided by the
WinnerII channel model inside a 5 × 5 apartment grid,
supposing to assign the spectrum by means of the reuse-1
(i.e., all femtocells share the same bandwidth of 20MHz)
and the reuse-1/2 scheme (i.e., two portions of the spec-
trum, of 10MHz each, are distributed among HeNBs
imposing that two adjacent femtocells cannot work on the
same operative bandwidth). From Figure 4, it is evident
that the adoption of a frequency reuse scheme improves
the channel quality perceived by users. In fact, by dis-
tributing the whole spectrum among HeNBs, it is possible
to reduce the interference level. However, this advantage
could be reached at the cost of the network throughput
(e.g., the higher the number of portions of the spectrum
considered during the frequency planning strategy, the
lower is the bandwidth available for each femtocell). Such
aspects will be better discussed in Section 4.1.



























































Figure 4 SINRmeasured inside a building with: (a) no frequency reuse and (b) reuse-1/2 scheme.
4 Working with the proposedmodule
In this section, we provide an overview about some of the
possible studies that can be carried out using our simula-
tion framework. To this end, the impact of co-layer inter-
ference in indoor environments generated among HeNB
as well as the performance gains coming from femtocell
deployment in an urban scenario have been analyzed. At
last, a scalability study about computational requirements
(i.e., simulation time and memory usage) of the simulator
is also provided. Simulation parameters are summarized
in Table 1.
4.1 Studying the impact of co-layer interference in an
indoor environment
The impact that the co-layer interference due to the com-
munication between home base station and user has been
evaluated in an indoor scenario composed by a single 5×5
apartment grid.
The analysis has been carried out by considering three
diﬀerent frequency reuse schemes, e.g., the reuse-1, the
reuse-1/2, and the reuse-1/4b, and by imposing to have
in each apartment 8 UEs receiving at the same time a
downlink traﬃc mix composed by one video ﬂow, one
VoIP ﬂow, and one best eﬀort ﬂow.
For the video application, we used a traﬃc trace
obtained from a test sequence (i.e., “foreman.yuv”) avail-
able at [37]. The original sequence (at 25 frame/s,
CIF resolution 352 × 288, and YUV format) has been
ﬁrstly repeated for the whole simulation time. Then, the
obtained video has been compressed using H.264 stan-
dard compression at the average coding rate of 440 kbps.
Instead, for G.729 voice ﬂows, we adopted an ON/OFF
Markov model, where the ON period is exponentially dis-
tributed with mean value 3 s, and the OFF period has a
truncated exponential pdf with an upper limit of 6.9 s and
an average value of 3 s [38]. During the ON period, the
source sends 20 bytes long packets every 20ms (i.e., the
source data rate is 8 kbps), while during the OFF period
the rate is zero because we assume the presence of a voice
activity detector. Finally, for the best eﬀort ﬂows we have
considered inﬁnite buﬀer sources.
For all the aforementioned spectrum conﬁgurations, we
compared the behavior of well-known packet schedulers:
the proportional fair (PF) [3], the logarithmic (LOG) rule
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Table 1 Simulation parameters
Parameter Indoor environment Urban scenario Scalability test
Total bandwidth 20 MHz
eNB power transmission 43 dBm, equally distributed among sub-channels
HeNB power transmission 20 dBm, equally distributed among sub-channels
CQI Full bandwidth and periodic reporting scheme. Measured period: 2 ms.
Apartment size 100 m2 100 m2 100 m2
# apartments in a building 25 25 25
Radius of the macrocell N.A. 500 m 500 m
# buildings 1 56 from 1 to 6
Frequency Reuse Scheme reuse-1, reuse-1/2, and reuse-1/4 reuse-1 reuse-1
# users 8 per HeNB from 40 to 120 from 0 to 300
Scheduler PF, LOG rule, and FLS PF PF
Traﬃc Video, VoIP, and best-eﬀort best-eﬀort best-eﬀort
[39], and the frame level scheduler (FLS) [40,41]). In par-
ticular, network performance has been evaluated with
reference to the throughput achieved by best eﬀort ﬂows
and the packet loss rate (PLR) of multimedia ones (i.e.,
video and VoIP).
From Figure 5 it is possible to note that the throughput
of best eﬀort ﬂows can be maximized using the reuse-
1/2 scheme, which is able to provide the best trade-oﬀ
between the bandwidth available in each femtocell and the
interference level produced by HeNBs inside the building.
The adoption of the reuse-1/4 scheme produces always
the worst network performance. In fact, despite enor-
mous beneﬁts that the reuse-1/4 scheme oﬀers in terms
of SINR (due to the very limited level of the co-layer
interference), it imposes that each HeNB uses a small
bandwidth, thus decreasing the overall achievable system
throughput.
To gain a further insight, we evaluated the Jain fairness
index [42], ﬁnding that it is higher than 0.8 in all consid-
ered conditions. This means that neither the frequency
reuse strategy nor the scheduling algorithm aﬀects the
fairness in bandwidth sharing of best eﬀort ﬂows.
Figure 6 reports the PLR of video ﬂows, showing that,
the reuse-1/2 is able to provide the best QoS.
Moreover, in line with results presented in [40], the
FLS approach, which has been designed for guaranteeing
bounded delays to multimedia ﬂows, provides the lowest
PLR. Thus, it ensures the highest video quality to mobile
users. This performance gain comes at the expense of per-
formance experienced by best eﬀort ﬂows, which a smaller
amount of bandwidth is assigned to when FLS is use (see
Figure 5).
With reference to VoIP ﬂows, we observed that they




























Figure 5 Aggregate cell throughput for best eﬀort ﬂows with diﬀerent frequency reuse schemes.



























Figure 6 PLR of video ﬂows with diﬀerent frequency reuse schemes.
videos without any noticeable diﬀerences among all con-
sidered scheduling approaches (the PLR is less that 5%
when the reuse-1 scheme is used; 0% otherwise). The rea-
son is that such applications get a higher priority from the
scheduler because they have a lower source bit rate.
We can conclude that the typical problem connected
to interference management, as already explained in
Section 2, lies in the unpredictability of the deployed sce-
nario. In fact, in a dense urban environment the network
operator could not have enough information about the
femtocell density and the HeNBs positions in each build-
ing. Thus, the possibility to apply any kind of frequency
planning strategy vanishes. Therefore, the proposed sce-
nario is usually considered for investigating the impact of
diﬀerent dynamic spectrum allocation policies for inter-
ference avoidance in femtocell environments, and the pro-
posed analysis represents a valid starting point for studies
in this direction.
4.2 Capacity enhancement in urban environment
Now, we investigate the impact of the femtocell deploy-
ment in urban environments. To this end, we designed
a scenario consisting of one macrocell and 56 buildings
located as in a typical urban cross (see Figure 7).
The eNB is located at the center of the macrocell and it
transmits using an omni-directional antenna in a 20 MHz
bandwidth. Two diﬀerent cases are object of the study:
• traditional urban environment without femtocells
where only one macrocell and buildings are used as
reference case;
• urban environment with femtocells where one
femtocell per apartment is assumed to be active and
working on the same operative bandwidth of
the macrocell.
Simulations were carried out varying the number of users,
each one receiving a downlink ﬂow modeled with an
inﬁnite buﬀer source.
Figure 8 shows the average user throughput of outdoor
and indoor users.
In the typical urban scenario without femtocells, indoor
users will be anyway served by the macrocell suﬀering for
low channel quality due to the strong inﬂuence of wall
attenuation. Introducing femtocells inside the buildings,
indoor users will experience signiﬁcant increase in terms
of throughput. Performance of outdoor users, on the
other hand, should not take any advantage in terms of
experienced SINR. In fact, when home base stations and
eNBs share the same bandwidth, outdoor users located
nearby the building will sense high level of interfer-














Figure 7 Simulated scenario with a cross designed with 4
diﬀerent streets and 5× 5 grid buildings.
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Figure 8 Average throughput for: (a) outdoor and (b) indoor users.
Figure 8 demonstrates that performance of outdoor users
improve as well. This apparently counter intuitive result is
mainly due to the macrocell unloading eﬀect contributed
by the introduction of femtocells (see Section 2). In other
words, a certain number of users is served by HeNBs and
the amount of resources available for remaining outdoor
users consequently increases.
Finally, Figure 9 shows that the overall system capac-
ity can be greatly improved thanks to the adoption of
femtocells.
We highlight, once again, that the proposed studies aim
at showing how our module can be easily used to inves-
tigate the main issues related to the deployment of fem-
tocells. We think that, starting from this basic scenario,
several novel techniques can be tested and compared.
4.3 Scalability test
As ﬁnal aspect, we propose a scalability analysis of the
proposed module in terms of both simulation time and
memory usage on a Linux machine with a 2.6GHz CPU
and 4GBytes of RAM.
The investigated LTE network is composed of one
macrocell and a number, N, of buildings, with N rang-
ing from 1 to 6. Buildings are uniformly distributed inside
the macrocell and, in each of them, 25 femtocells are
enabled. Simulations have been carried out considering a
ﬁxed number of UEs equal to 30 that belong to the macro-
cell and varying the number of UEs in each building in
the range [10–50]. One active downlink ﬂow with inﬁnite
buﬀer characteristics is considered per each UE. More-
over, a simulation time of 30 s is considered. With these
conditions, the “lightest” scenario will be composed of 26
cells and 40 users, whereas the “heaviest” one will embrace
151 cells and 330 users.
The choice to use inﬁnite buﬀer applications (i.e., there
is always a packets to transmit) is useful to evaluate the
simulator behavior under strenuous conditions.
Figure 10 shows time andmemory required in the afore-
mentioned scenarios. Program execution time linearly
increases with both the number of buildings and the
number of users. Nevertheless, it remains limited also in
scenarios with the highest computational load.
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Figure 9 Aggregated throughput.
Diﬀerent considerations can be made for the memory
usage. Despite it increases as the number of buildings
increases, it settles as soon as the number of users exceeds
a certain value (i.e., about 25 users per building), and this
is a nice property for the simulator.
















































Figure 10 Simulator performance in terms of (a) simulation time
and (b) memory usage.
5 Conclusions
In this article, we presented a novel module for simulating
LTE femtocells within the LTE-sim open-source frame-
work. We conclude our study by providing a ﬁnal critical
analysis on the presented tool, possibly remarking its pros
and cons.
First of all, we have demonstrated that the devel-
oped simulator oﬀers the possibility to investigate per-
formances in a wide range of scenarios that can diﬀer in
terms of network layouts (i.e., number and position of base
stations, building, and streets), system load (i.e., number
of users and applications), user mobility, physical settings,
handover and access policies strategies, and so on. It is
important to note that all implemented features and mod-
els have been devised in order to make the simulation
framework compliant with 3GPP speciﬁcations.
Unfortunately, it presents some lacks. If we focus the
attention on available topology entities, it is easy to
understand that indoor scenarios diﬀerent from those
described by the 3GPP cannot be directly simulated with
the current version of LTE-sim. A user that wants to
test more complex urban scenarios is forced to extend
the framework by implementing its speciﬁc network
settings.
Similar considerations can be carried out for all the
implemented radio resource management techniques
(e.g., scheduling, handover and interference management,
cell selection procedures, and so on). Also in this case, we
note that the simulator oﬀers only few simple approaches,
i.e., those described in this manuscript and in [18], thus
leaving the user free to implement more sophisticated
solutions. Furthermore, we believe that the extreme mod-
ularity of the tool could make the development of complex
radio resource allocation schemes (like those discussed
in [43]), as well as other algorithms and protocols based
on both self-organizing network (SON) and cognitive
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paradigms, not too diﬃcult to accomplish for any LTE
practitioner.
We have to remark also that LTE-sim has been origi-
nally conceived for simulating only LTE networks. Hence,
possible interactions among LTE and other wireless tech-
nologies (e.g., WiFi, WiMAX, and other 3G cellular sys-
tems) cannot be (for the time being) evaluated with the
presented tool. On the other hand, LTE-sim has been
designed as a single-threaded software and it is not able
to exploit the parallel computational power provided by
multi-core architectures. For this reason the evaluation of
big cellular conﬁgurations would require very high sim-
ulation times, thus slowing the research activity in this
ﬁeld.
Anyway, despite these limitations, we claim that our
module represents a fundamental tool for researchers
interested in developing innovative solutions in the ﬁeld
of radio resource management in next generation cellular
networks.
As a future study, we plan to enhance the entire LTE-sim
framework with the aim of ﬁxing all aforementioned gaps:
not only missing features will be gracefully added (also
with the help of research laboratories that are actively
supporting LTE-sim upgrades), but also a multi-thread
extension and a framework to handle interoperability with
wireless technologies other than LTE will be deployed.
Endnotes
aA preliminary version of this work has been presented in
[44] Additional ﬁle 1.
b When the reuse-1/4 is applied, the entire 20MHz band-
width is partitioned in four portions. Then, femtocells are
grouped in squared clusters composed by four femtocells
and each portion of the spectrum is assigned to only one
HeNB belonging to a given cluster.
Additional ﬁle
Additional ﬁle 1: A system-level simulation framework for LTE
Femtocells.
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